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ABSTRACT 
I n  1985, t h e  NASA Lewis Research Center formed 
t h e  Advanced So la r  Dynamics Power Systems 
P r o j e c t  Group f o r  the  purpose o f  advancing 
8 t h e  techno logy  o f  S o l a r  Dynamic Power Systems 
f o r  space a p p l i c a t i o n s  beyond 2000. 
W I t hen ,  t echno logy  development a c t i v i t i e s  have 
been i n i t i a t e d  f o r  t h e  ma jo r  components and 
subsystems such as t h e  c o n c e n t r a t o r ,  hea t  
r e c e i v e r  and eng ine ,  and r a d i a t o r .  
I n  t h i s  paper  i s  d e s c r i b e d  a program f o r  
d e v e l o p i n g  l o n g  l i v e d  (10 y e a r s  o r  more),  
l i g h t e r  we igh t ,  and more r e f l e c t i v e  space 
s o l a r  c o n c e n t r a t o r s  t h a n  i s  p r e s e n t l y  
p o s s i b l e .  
two p a r a l l e l  p a t h s :  one i s  c o n c e n t r a t o r  
concep t  development and t h e  o t h e r  i s  t h e  
r e s o l u t i o n  o f  t h o s e  c r i t i c a l  t echno logy  i s s u e s  
t h a t  w i l l  l e a d  t o  du rab le ,  h i g h l y  specu la r ,  
and l i g h t w e i g h t  r e f l e c t o r  e lements .  O u t l i n e d  
i n  t h i s  paper  a r e  t h e  s p e c i f i c  o b j e c t i v e s ,  
l o n g  t e r m  g o a l s ,  approach, p lanned 
accompl ishments f o r  t h e  f u t u r e ,  and t h e  
p r e s e n t  s t a t u s  o f  t h e  v a r i o u s  program 
e lements .  
S ince  
The program i s  p r o g r e s s i n g  a l o n g  
BACKGROUND 
I n t e r e s t  i n  s o l a r  dynamic power systems (SDPS) 
f o r  use i n  space has e x i s t e d  f o r  o v e r  25 
y e a r s .  NASA sponsored seve ra l  programs i n  t h e  
1960’s and t h e  e a r l y  1970’s t o  deve lop  t h e  
e n a b l i n g  techno logy  f o r  t h e  s o l a r  concen- 
t r a t o r ,  hea t  r e c e i v e r  and power c o n d i t i o n i n g  
u n i t  (PCU). Much p r o g r e s s  was made w i t h  t h e  
c o n c e n t r a t o r s ,  Ref .  1: Severa l  exper imen ta l  
c o n c e n t r a t o r s  o f  v a r i o u s  s i z e s  - 1.5, 3.0, 
9.7, and 12.2 me te rs  d iamete r  were f a b r i c a t e d  
and t h o r o u g h l y  g round t e s t e d ,  b u t  were n o t  
f l i g h t - q u a l i f i e d .  The 1 .5  meter  c o n c e n t r a t o r  
was a one p i e c e  u n i t ,  whereas t h e  o t h e r s  were 
an assembly o f  segmented h inged  r e f l e c t o r  
pane ls .  A u t o d e p l o y a b i l i t y  was demonst ra ted  
w i t h  t h e  segmented c o n c e n t r a t o r s .  
w i t h s t o o d  t h e  shake t e s t s  t h a t  s i m u l a t e d  
l aunch  l o a d s .  
smal l e s t  c o n c e n t r a t o r  was accu ra te  t o  l e s s  
Each a l s o  
The s u r f a c e  c o n t o u r  o f  t h e  
t h a n  a I - s i g m a  v a l u e  o f  1.0 m i l l i r a d i a n  s l o p e  
e r r o r ,  and weighed 2.7 kg/m’. 
con tou rs  o f  t h e  l a r g e r  segmented c o n c e n t r a t o r s  
were n o t  as accu ra te :  t h e  s l o p e  e r r o r s  ranged 
up t o  a 3-sigma v a l u e  o f  12 m i l l i r a d i a n s ;  and 
t h e  w e i g h t s  were 1.27 kg/m2. A l though  much 
p rog ress  was b e i n g  made, t h e  development was 
h a l t e d  because o f  a s h i f t  i n  t h e  NASA Space 
Program p r i o r i t i e s .  It shou ld  be n o t e d  h e r e  
t h a t  t hese  c o n c e n t r a t o r s  concepts  d i d  f l y  as 
antennas, one on t h e  P ioneer  s p a c e c r a f t .  
I n t e r e s t  i n  S o l a r  Dynamics Power Systems 
(SDPS) techno1 ogy was renewed when SDPS’ s were 
ass igned a s i g n i f i c a n t  r o l e  as m a j o r  power 
scource  on t h e  Space S t a t i o n .  The Space 
S t a t i o n ’ s  SDPS’s a r e  b e i n g  des igned u s i n g  
today ‘s  p roven  techno logy  t o  t h e  e x t e n t  t h a t  
such r e l e v a n t  t echno logy  e x i s t s .  I n  t h e  
meantime, NASA recogn ized  t h a t  s i g n i f i c a n t  
improvements i n  SDPS techno logy  wou ld  be 
needed f o r  f u t u r e  space a p p l i c a t i o n s .  To meet 
these  techno logy  needs f o r  t h e  f u t u r e ,  a new 
p r o j e c t  o f f i c e ,  t h e  Advanced S o l a r  Dynamics 
P r o j e c t  (ASD), was e s t a b l i s h e d .  I t s  m i s s i o n  
i s  t o  make s i g n i f i c a n t  advances i n  t h e  techno-  
l o g y  o f  t h e  m a j o r  components, advances t h a t  
w i l l  r e s u l t  i n  m a j o r  r e d u c t i o n s  i n  w e i g h t  and 
inc reased  component and system e f f i c i e n c i e s .  
The purpose o f  t h i s  paper  i s  t o  r e v i e w  t h e  
Advanced Space S o l a r  Concen t ra to r  Program. 
The s u r f a c e  
PROGRAM DESCRIPTION AND 
STATUS 
The Advanced S o l a r  Concen t ra to r  Program began 
i n  1986. 
development o f  l i g h t  we igh t ,  l o n g - l i v e d ,  
e f f i c i e n t ,  and au to -dep loyab le  c o n c e n t r a t o r s  
depends on t h e  development o f :  
( 1 )  l i g h t w e i g h t  c o n c e n t r a t o r  concepts  wh ich  
a r e  packageab le  i n t o  sma l l  volumes and 
a r e  a u t o m a t i c a l l y  dep loyab le  on o r b i t .  
( 2 )  d u r a b l e ,  d i m e n s i o n a l l y  s t a b l e  r e f l e c t o r s  
(and r e f r a c t i v e  p a n e l s ) .  (Here in ,  a 
r e f l e c t o r  i n c l u d e s  t h e  s u b s t r a t e ,  t h e  
r e f l e c t i v e  l a y e r ,  a l l  t h e  o t h e r  t h i n  
p r o t e c t i v e  l a y e r s ,  thermal  c o a t i n g s ,  and 
It q u i c k l y  became c l e a r  t h a t  t h e  
1 
adhes ives  t h a t  make up t h e  r e f l e c t o r  
e l  ement . ) 
(3)  a v e r y  smooth, h i g h l y  r e f l e c t i v e  s u r f a c e .  
Concen t ra to r  c o n f i g u r a t i o n s  a r e  i n  p a r t  
d i c t a t e d  by t h e i r  s p a t i a l  and f u n c t i o n a l  
r e l a t i o n s h i p  t o  t h e  s p a c e c r a f t  t o  wh ich  t h e y  
a r e  a t tached .  It i s  n o t  c l e a r  a t  t h i s  t i m e  
whether  t h e y  w i l l  be o n - a x i s  o r  o f f s e t  o r  
bo th ;  i t  w i l l  depend on t h e  a p p l i c a t i o n .  
On-ax i s  c o n c e n t r a t o r s  have a s i m p l e r  
c o n f i g u r a t i o n  than the  o f f s e t  type  because 
they  a r e  ax isymmet r ic .  The t e c h n i c a l  
'problems a r e  numerous, d i f f i c u l t ,  and common 
t o  b o t h  t ypes  o f  c o n c e n t r a t o r s .  Fo r  these  
reasons, and because t h i s  Program i s  n o t  
d r i v e n  by any s p e c i f i c  m i s s i o n  requ i remen ts ,  
t h e  techno logy  development e f f o r t s  a r e  
p r i m a r i l y  devoted  on t h e  o n - a x i s  t y p e  
c o n c e n t r a t o r s  and o n l y  on those  t h a t  w i l l  
o p e r a t e  i n  t h e  LEO env i ronment .  But  w e i g h t  i s  
l e s s  i m p o r t a n t  i n  LEO. 
To be du rab le ,  t h e  m a t e r i a l s  t h a t  compr ise  t h e  
r e f l e c t o r  e lements  must be, f i r s t  and 
fo remost ,  immune t o  t h e  LEO env i ronment  ( i . e .  
a tomic  oxygen, u l t r a v i o l e t  r a d i a t i o n ,  space 
d e b r i s ,  m ic rometeo r i t es ,  p ro tons  and 
e l e c t r o n s )  i n  which they  opera te .  E q u a l l y  
impor tan t .  r e f l e c t o r s  must w i t h s t a n d  the  
e f f e c t s  o f  thermal  c y c l i n g  caused by the  
d a y l n i g h t  c y c l e s .  
o f  s t r u c t u r a l  and o p t i c a l  d i s t o r t i o n s  and 
f a t i g u e  f a i l u r e s  because the  v a r i o u s  m a t e r i a l s  
t h a t  comprise a r e f l e c t o r  element have 
d i f f e r e n t  thermal  expansion c o e f f i c i e n t s .  
These can cause a v a r i e t y  
PROGRAM OBJECTIVES 
The genera l  o b j e c t i v e  o f  t h i s  program i s  t o  
deve lop  t h e  e n a b l i n g  techno logy  f o r  p a r a b o l i c  
c o n c e n t r a t o r s  t h a t  w i l l  power advanced s o l a r  
dynamic power systems i n  l ow  e a r t h  o r b i t  
(LEO). 
The s p e c i f i c  o b j e c t i v e s  a r e  t o :  
o I d e n t i f y  a t  l e a s t  one o n - a x i s  l i g h t w e i g h t  
c o n c e n t r a t o r  concept  t h a t  w i l l  be 
packageab le  i n t o  a sma l l  volume f o r  l aunch  
and a u t o m a t i c a l l y  dep loyab le  on o r b i t .  
o I d e n t i f y  t h e  m a t e r i a l s  and c o n s t r u c t i o n  
techn iques  t h a t  w i l l  enab le  t h e  concen- 
t r a t o r s  t o  o p e r a t e  i n  LEO env i ronment  f o r  
more t h a n  10 y e a r s .  
o I d e n t i f y  t echn iques  and m a t e r i a l s  f o r  
p roduc ing  r e f l e c t i n g  s u r f a c e s  w i t h  h i g h  
r e f l e c t a n c e  and s p e c u l a r i t y .  
(2 -meter  d iamete r )  c o n c e n t r a t o r  o f  t h e  most 
p r o m i s i n g  concept ,  t o  demonst ra te  some o f  
t h e  techno logy .  
o B u i l d  and ground t e s t  a reduced s c a l e  
APPROACH 
The Program o b j e c t i v e s  w i l l  be met w i t h  a 
comb ina t ion  o f  i n -house  and c o n t r a c t u a l  
e f f o r t s  as shown below. 
(1) Concen t ra to r  Concepts I d e n t i f i c a t i o n  
and S e l e c t i o n ;  f o u r  c o n t r a c t u a l  
e f f o r t s ,  and c o o p e r a t i v e  e f f o r t  between 
C leve land  S t a t e  U n i v e r s i t y  and NASA 
Lewis  Research Cen te r .  
( 2 )  S u p p o r t i n g  Research and Technology; 
r e f l e c t o r  concepts  development;  
m a t e r i a l s  i d e n t i f i c a t i o n  and s e l e c t i o n  
f o r :  
- r e f l e c t i v e  su r faces  
- l e v e l  i n g  l a y e r s  
- the rma l ,  r e f l e c t i v e ,  and p r o t e c t i v e  
c o a t i n g s  
CONCENTRATOR CONCEPTS IDENTIFICATION AND 
SELECTION 
The o b j e c t i v e s  o f  t h i s  Program element have 
been t o :  
o Develop a conceptual  des ign  of  i n  
i n n o v a t i v e  concen t ra to r  concept.  
o I d e n t i f y  t he  c r i t i c a l  t e c h n i c a l  b a r r i e r s  
t o  success fu l  development. 
o Remove the  b a r r i e r s .  
To meet these o b j e c t i v e s  t h i s  Program element 
was d i v i d e d  i n t o  two p a r a l l e l  e f f o r t s :  
o I n d u s t r y  con t rac ted  des ign  s t u d i e s .  
o A coopera t i ve  agreement w i t h  t h e  C leve land  
Each c o n t r a c t o r  was g i v e n  t h e  f o l l o w i n g  s e t  of 
requ i rements  and goa ls  t h a t  h i s  proposed 
concept was t o  meet: 
- Minimum - 2000 
- Goal - 5000 
o Concen t ra to r  E f f i c i e n c y :  
- Minimum - 90% 
- Goal - 95% 
o Maximum EOL degradat ion :  10% 
o S p e c i f i c  Weight: 
- Maximum: 1.5 kgIm2 
- Goal: 1 .O k g / d  
o Opera t i ona l  L i f e :  10 y r  i n  LEO 
o Deployment: Automat ic w i t h o u t  EVA 
o S ize  Range: 1 t o  100 kWe @ a s y s t e m  
o S u r v i v a b i l i t y :  t e r r e s t r i a l ,  launch,  and 
S t a t e  U n i v e r s i t y .  
o Concen t ra t i on  r a t i o  - 
e f f i c i e n c y  o f  30% 
LEO environments 
One c o n t r a c t  was awarded i n  1985. and t h r e e  
c o n t r a c t s  were awarded i n  1988 t o  t h e  
f o l l o w i n g  companies to deve lop  a conceptual  







a r e  
Entech I n c . ,  D a l l a s ,  Texas - Awarded i n  
1985; completed i n  1988. An assembly o f  
t h i n  r e f r a c t i v e  pane ls  on a d ished-shaped 
suppor t  f rame. 
Acurex I n c . ,  Mounta in  View, CA. - 24 
months e f f o r t .  
shaped, p a r a b o l i c a l l y  con toured,  r e f l e c t o r  
An assembly o f  r i g i d  p i e  
panel  s .  
H a r r i s  Corp. ,  Melbourne, FLA. - 12 month 
e f f o r t .  S p l i n e d  r a d i a l  compos i te  pane l  
concept  (an assembly o f  many t h i n ,  
s lender ,  f l e x i b l e  r e f l e c t o r  s t r i p s  on an 
u m b r e l l a  shaped suppor t  system o f  r i b s  and 
co rds .  
Sc ience A p p l i c a t i o n s  I n t e r n a t i o n a l  Corp . ,  
San Diego, CA.  - 1 2  month e f f o r t .  A 
con t i nuous  t h i n  s t a i n l e s s  s t e e l  membrane 
t y p e  c o n c e n t r a t o r  concept  wh ich  i s  r o l l e d  
up i n t o  a tube  f o r  t h e  l aunch  phase and 
u n r o l l e d  by i n f l a t i n g  a t o r o i d a l  t ube .  
concep tua l  des igns  o f  a l l  f o u r  c o n t r a c t o r s  
comole te .  The Entech C o r p o r a t i o n  s tudy ,  
wh ich  ended i n  J u l y  1988, was'aimed a t  
d e v e l o p i n g  a concep tua l  des ign  o f  r e f r a c t i v e  
t y p e  c o n c e n t r a t o r .  
has two i m p o r t a n t  advantages ove r  t h e  
r e f l e c t i v e  t y p e :  
(1 )  The sur face  c o n t o u r  does n o t  have t o  be 
n e a r l y  as a c c u r a t e l y  ma in ta ined .  
( 2 )  The p o i n t i n g  accuracy  e r r o r  marg in  i s  much 
b roader .  
These two advantages may g r e a t l y  s i m p l i f y  t h e  
f a b r i c a t i o n  o f  a c o n c e n t r a t o r  i f  a s u i t a b l e  
m a t e r i a l  can be deve loped f o r  f a b r i c a t i n g  t h e  
r e f r a c t i v e  pane ls .  
o f  t h e  s t u d y  t h a t  t h e  main o b s t a c l e  t o  t h e  
development of  t h e  r e f r a c t i v e  t y p e  concen- 
t r a t o r  has been, and s t i l l  i s ,  t h e  l a c k  of  a 
F resne l  l e n s  m a t e r i a l  t h a t  w i l l  r e s i s t  
d e g r a d a t i o n  by  a tomic  oxygen (AO)  and 
u l t r a v i o l e t  r a d i a t i o n  (UV)  i n  low e a r t h  o r b i t  
(LEO). A c r y l i c  l e n s ,  wh ich  have been used f o r  
many y e a r s  as t e r r e s t r i a l  t r o u g h  t y p e  
c o n c e n t r a t o r s ,  were found  t o  be v e r y  
s u s c e p t i b l e  t o  damage by A0 and UV, and no 
c o a t i n g s  were found t h a t  c o u l d  p r o t e c t  them. 
I n  a d d i t i o n ,  t h e r e  d i d  n o t  appear t o  be any 
more d u r a b l e  m a t e r i a l  s u b s t i t u t e  a v a i l a b l e  
t h a t  was h i g h l y  t r a n s p a r e n t  and l i g h t  w e i g h t .  
G lass  i n  t h e  f o r m  o f  s o l - g e l  was cons ide red  t o  
be a p o s s i b l e  a l t e r n a t i v e  t o  a c r y l i c .  
samples o f  l e n s  were s u c c e s s f u l l y  made, b u t  
t h e  development was n o t  pursued because o f  t h e  
1 ack o f  f u n d i n g .  
The r e s u l t s  o f  t h e  rema in ing  t h r e e  c o n t r a c t s  
have n o t  y e t  been f o r m a l l y  been submi t ted  t o  
NASA and e v a l u a t e d .  The p l a n  a t  p r e s e n t  i s  t o  
e v a l u a t e  t h e  t h r e e  concepts  and s e l e c t  one o f  
t h e  t h r e e  f o r  f a b r i c a t i o n  and ground t e s t  o f  a 
reduced s c a l e  u n i t ,  i f  fund ing  p e r m i t s .  
The o b j e c t i v e  o f  t h e  NASA/CSU c o o p e r a t i v e  
agreement i s  t o  c a r r y  fo rward  t h e  development 
o f  t h e  Sun f lower  concept  because i t  i s  t h e  
most p r o m i s i n g  concept  w i t h  h i g h  near  t e r m  
p o t e n t i a l  f o r  success. The p l a n  i s  t o  
T h i s  t y p e  o f  c o n c e n t r a t o r  
Entech found i n  t h e  course  
Smal l  
demonstrate,  as e a r l y  as p o s s i b l e ,  t he  
techno logy  o f  a packageable and au to-  
dep loyab le  concen t ra to r  w i t h  a h i g h  
concen t ra t i on  r a t i o .  The approach i s  t o  
design, b u i l d ,  and ground t e s t  a 2-meter 
diameter u n i t  p a t t e r n e d  a f t e r  t he  Sunf lower  
concept  r e p o r t e d  i n  Reference 1 and i l l u s -  
t r a t e d  i n  F i g u r e  1. The i n t e n t  i s  t o  u t i l i z e  
as much o f  t h e  techno logy  o f  t h a t  concept  as 
i s  p o s s i b l e .  Fo r  example, as was done on t h e  
Sunf lower  c o n c e n t r a t o r ,  each r a d i a l  panel  w i l l  
be an a l u m i n i z e d  a l l - a l u m i n u m  honeycomb 
sandwich. The p r e l i m i n a r y  d e s i g n  i s  
completed. The f i n a l  d e s i g n  and f a b r i c a t i o n  
a r e  schedu led  t o  beg in ,  r e s p e c t i v e l y ,  i n  
s p r i n g  o f  1989 and e a r l y  1990. 
pane ls  a r e  doub ly  cu rved  t o  a p a r a b o l i c  shape. 
The r a d i a l  
SUPPORTING RESEARCH AND TECHNOLOGY 
T h i s  Program element addresses t h e  c r i t i c a l  
t echno logy  i s s u e s  t h a t  must be r e s o l v e d  i f  
c o n c e n t r a t o r s  a r e  t o  ach ieve  t h e  s t a t e d  g o a l s .  
The fo remost  i s s u e s  a r e  concerned w i t h  t h e  
development r e f l e c t o r s  t h a t  a r e  l i g h t w e i g h t ,  
h i g h l y  r e f l e c t i v e ,  v e r y  specu la r ,  and immune 
t o  t h e  e f f e c t s  o f  t h e  ha rsh  LEO env i ronment .  
Weight i s  a p r ime  d e s i g n  d r i v e r  f o r  a l l  
s p a c e c r a f t  components and subsystems, 
Our approach t o  we igh t  r e d u c t i o n  i s  t o  reduce 
t h e  we igh t  o f  t h e  r e f l e c t i n g  e lements  and t o  
e l i m i n a t e ,  o r  m in im ize ,  t h e  s t r u c t u r e  used t o  
suppor t  t h e  r e f l e c t i n g  e lements .  
cand ida tes  concepts  f o r  l i g h t w e i g h t  r e f l e c t o r  
s u b s t r a t e s  a re :  
Among t h e  
o honeycomb sandwich pane ls  made o f  
1 i g h t w e i g h t  m a t e r i a l s .  
o t h i n  me ta l  membranes. 
o t h i n  r i g i d  and f l e x i b l e  compos i te  s o l i d  
pane ls .  
o , v e r y  t h i n  g l a s s  m i r r o r s  bonded o n t o  a 
r i g i d  s u b s t r a t e .  
o r i g i d  foam s u b s t r a t e  
H igh  s p e c u l a r  r e f l e c t i o n  i s  ach ieved by 
d e p o s i t i n g  a h i g h l y  r e f l e c t i v e  m a t e r i a l  on a 
v e r y  smooth s u b s t r a t e  s u r f a c e .  S i l v e r  and 
aluminum a r e  t h e  p r ime  c a n d i d a t e  r e f l e c t i n g  
m a t e r i a l s  because t h e y  a r e  t h e  o n l y  m a t e r i a l s  
t h a t  have a h i g h  r e f l e c t i v i t y  o v e r  t h e  e n t i r e  
s o l a r  spectrum. Wh i le  t h e  t o t a l  r e f l e c t a n c e  
o f  s i l v e r  i s  s l i g h t l y  h i g h e r  t h a n  aluminum, 
s i l v e r ,  on t h e  o t h e r  hand, i s  much more 
s u s c e p t i b l e  t o  damage by AO. I n  t h i s  program, 
aluminum i s  t h e  f a v o r e d  r e f l e c t i v e  c o a t i n g  f o r  
t h e  near  t e r m  because aluminum i s  t o t a l  immune 
t o  A0 and i s  e a s i e r  t o  work w i t h  t h a n  s i l v e r .  
The a b i l i t y  t o  produce a v e r y  smooth s u r f a c e  
i s  a c r i t i c a l  p rob lem whose s o l u t i o n  i s  n o t  
s t r a i g h t f o r w a r d .  G lass  has l o n g  been used 
for making t e r r e s t r i a l  m i r r o r s .  I t  i s  
produced w i t h  a v e r y  smooth f l a t  s u r f a c e  and 
i s  a s t r o n g  enough t o  suppor t  i t s e l f .  Bu t ,  
g l a s s  as a s u b s t r a t e  f o r  space r e f l e c t o r s  i s  
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t o o  heavy except  as v e r y  t h i n  sheets  o f  t h e  
o r d e r  of  0.003 t o  0.010 inches  t h i c k  ( c a l l e d  
m ic roshee t  g l a s s  i n  t h i s  r e p o r t ) .  
reason why m ic roshee t  g l a s s  i s  a cand ida te  
smooth s u r f a c e .  Many me ta l s ,  i n c l u d i n g  
aluminum, can be made w i t h  v e r y  smooth s u r f a c e  
by v a r i o u s  techn iques ,  b u t  when smooth f l a t  
t h i n  sheets ,  0.003 t o  0.010 inches  t h i c k ,  a r e  
s t r e t c h e d  i n t o  a p a r a b o l i c  o r  s p h e r i c a l  shape, 
t h e  smoothness i s  u s u a l l y  degraded t o  an 
unacceptab le  roughness. The prob lem t h e n  
becomes one o f  how t o  improve t h e  smoothness 
o f  t h e  d i shed  s u r f a c e .  One method under  
i n v e s t i g a t i o n  i s  t h a t  o f  f i n d i n g  and a p p l y i n g  
a t h i n  c o a t i n g  o f  a s u i t a b l e  m a t e r i a l  t h a t  
w i l l  l e v e l i z e  t h e  roughened s u r f a c e .  A search  
f o r  j u s t  such a l e v e l i z i n g  m a t e r i a l  i s  a ma jo r  
program a c t i v i t y .  
E a r l i e r  i n  t h i s  r e p o r t  t h e  ma jo r  LEO 
env i ronmen ta l  hazards  were 1 i s t e d ,  t h e  p r i m a r y  
one b e i n g  a tomic  oxygen. Wi th  a few 
excep t ions ,  me ta l s  a r e  immune t o  A0 and most 
o r g a n i c  substances, such as adhes ives  and 
compos i te  s t r u c t u r a l  m a t e r i a l s ,  a r e  h e a v i l y  
a t t a c k e d .  To ach ieve  l o w  w e i g h t s  w i t h  
m e t a l l i c  s u b s t r a t e s ,  t h e y  must be t h i n .  
Composites, wh ich  a r e  l i g h t e r ,  must be 
p r o t e c t e d  w i t h  imperv ious  c o a t i n g s .  The 
c h a l l e n g e ,  t h e r e f o r e ,  i s  t o  deve lop  
l i g h t w e i g h t  m e t a l l i c  s u b s t r a t e s  and t o  f i n d  
m a t e r i a l s  t o  p r o t e c t  t hose  made o f  compos i tes .  
The goa ls  for  r e f l e c t o r s  a re :  
Hence, t h e  
o S p e c i f i c  we igh t :  1.0 kg/m2 
o T o t a l  s o l a r  re lec tance :  90% or g r e a t e r  
o Sur face  s p e c u l a r i t y :  l e s s  than 
o Serv i ce  l i f e :  >10 years  
1 m i l l i r a d i a n  
To ach ieve  t h e s e  g o a l s ,  t h e  m a j o r  t h r u s t  o f  
t h e  work i s  t o :  
o I d e n t i f y  p r o m i s i n g  l i g h t w e i g h t  r e f l e c t o r  
concepts .  
o I d e n t i f y ,  s e l e c t ,  and e v a l u a t e  cand ida te  
m a t e r i a l s  f o r :  
- s u b s t r a t e s  
- adhes ives  f o r  bond ing  t o g e t h e r  v a r i o u s  
m a t e r i a l s  
- s u r f a c e  smoothing l a y e r s  
- p r o t e c t i v e  and the rma l  c o n t r o l  
ove rcoa ts  
s u r v i v a b i l i t y  t e s t s :  
- a tomic  oxygen 
- u l t r a v i o l e t  l i g h t  
- t he rma l  c y c l i n g  
- e f f e c t s  on o p t i c a l  q u a l i t y  
- s u r f a c e  waviness and roughness 
These techno logy  i s s u e s  a r e  b e i n g  a t t a c k e d  
a long  two p a r a l l e l  pa ths :  c o n t r a c t e d  and i n -  
house e f f o r t s .  
R e f l e c t o r  Developments - Contrac?ed E f f o r t s  
Two c o n t r a c t s  were awarded i n  1988: 
o P e r k i n  Elmer O p t i c a l  Group t o  deve lop  a 
m i c r o - s h e e t  g l a s s  m i r r o r  bonded t o  a 
honeycomb sandwich. 
o Sandia Na t iona l  Labora to ry  t o  deve lop  
so l -ge l  as a l e v e l i z i n g  l a y e r  for  t h i n  
o Conduct m a t e r i a l s  and r e f l e c t o r  
s t a i n l e s s  s t e e l  f o i l .  Sol-gel  i s  a 
l i q u i d  fo rm o f  g lass  t h a t  must be 
cured  a t  e leva ted  tempera tures .  
P e r k i n  Elmer was success fu l  i n  d e v e l o p i n g  a 
method f o r  f a b r i c a t i n g  samples o f  m i c r o - s h e e t  
m i r r o r  bonded on honeycomb sandwich (HCS) 
pane ls  up t o  12 inches  d iamete r  i n  a f i r s t  
phase s tudy .  A s e t  o f  HCS pane ls  were made o f  
K e v l a r .  Subsequent t h e r m a l / s t r e s s  ana lyses  
showed t h a t  K e v l a r  i s  n o t  a s u i t a b l e  m a t e r i a l  
and t h a t  t h e  HCS m a t e r i a l s  have t o  be chosen 
such t h a t  i n t e r f a c e  s t r e s s e s  a r e  l o w  enough t o  
a v o i d  f a t i g u e  damage due t o  the rma l  c y c l i n g  
imposed by  t h e  d a y l n i g h t  c y c l e s .  
P e r k i n  Elmer i s  e v a l u a t i n g  a HCS t h a t  i s  a 
comb ina t ion  o f  g l a s s  f i b e r / c o m p o s i t e  f a c e  
sheets  and aluminum HC co re .  
Sandia Na t iona l  Labora to r ies  has been deve l -  
op ing  so l -ge l  g l a s s  as a c o a t i n g  fo r  smooth- 
i n g  rough sur faces  p r i o r  t o  d e p o s i t i n g  t h e  
r e f l e c t i n g  l a y e r  o f  t e r r e s t r i a l  c o n c e n t r a t o r s .  
In suppor t  o f  bo th  the  DOE and NASA Lewis,  
Sandia has produced smoothed s i l v e r e d  su r faces  
on smal l  samples o f  as-purchased t h i n  s t a i n l e s s  
s t e e l .  The r e s u l t s  thus f a r  have shown t h a t  
a p p l y i n g  so l -ge l  as a l e v e l i n g  l a y e r  i nc reased  
t h e  s o l a r  averaged s p e c u l a r i t y  from 83% t o  93%. 
A t  p resen t ,  the  so l -ge l  smoothed and overcoated  
s i l v e r e d  samples a re  be ing  sub jec ted  t o  A 0  
t e s t s  t o  determine t h e i r  s u s c e p t i b i l i t y  t o  A0 
a t  tack .  
A number o f  r e f l e c t o r  s u b s t r a t e  concepts  were 
a l s o  b e i n g  e v a l u a t e d  by t h e  c o n t r a c t o r s  
ment ioned above t h a t  a r e  d e v e l o p i n g  advanced 
c o n c e n t r a t o r  concepts :  
o S A I C :  a t h i n  s t a i n l e s s  s t e e l  membrane 
A t  p r e s e n t ,  
r e f l e c t o r  w i t h  a f i b e r  g l a s s  epoxy b a c k i n g  
l a y e r  t o  g i v e  i t  p r o t e c t i o n  a g a i n s t  
c r i n k l i n g  when i t  i s  r o l l e d  up i n t o  a t u b e  
l i k e  c o n f i g u r a t i o n  f o r  l aunch ing .  
s t r i p s  made o f  a m u l t i l a y e r  carbon f i b e r  
compos i te .  
o Acurex Corp.: t h i n  r i g i d  r e f l e c t o r  pane ls  
made o f  a m u l t i l a y e r  compos i te  m a t e r i a l .  
o H a r r i s  Corp . :  t h i n  f l e x i b l e  r e f l e c t o r  
R e f r a c t i v e  M a t e r i a l  DeveloDment 
As was s t a t e d  e a r l i e r ,  t h e  ma jo r  b a r r i e r  t o  
development o f  r e f r a c t i v e  l e n s  i s  t h e  l a c k  o f  
l i g h t w e i g h t  m a t e r i a l s  t h a t  can w i t h s t a n d  t h e  
LEG env i ronment ,  a r e  v e r y  t r a n s p a r e n t  t o  t h e  
s u n l i g h t ,  and a r e  s t r o n g  enough t o  h o l d  t h e i r  
shape. 
m a t e r i a l s  f o r  t h e  near  term. No f u r t h e r  
r e s e a r c h  i s  p lanned  f o r  t h e  fo reseeab le  
f u t u r e .  
R e f l e c t o r  D e v e l o m e n t s  - In-House Proqram 
The m a j o r  t h r u s t  o f  t h e  i n -house  e f f o r t s  a r e  
devo ted  t o  r e f 1  e c t o r s  and r e 1  a t e d  m a t e r i  a1 s 
research .  T h i s  research  w i l l  i n c l u d e :  
A t  p r e s e n t  t h e r e  a r e  no cand ida te  
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o i d e n t i f y i n g  cand ida te  m a t e r i a l s  f o r  
r e f l e c t o r  s u b s t r a t e s ,  l e v e l i n g  c o a t i n g s ,  
adhes ives ,  and f a b r i c a t i o n  techn iques .  
o t e s t i n g  o f  m a t e r i a l s  and sma l l  samples o f  
cand ida te  r e f l e c t o r s  f o r  t h e  e f f e c t s  o f  
AO, UV, and thermal  c y c l i n g .  
o exper imen t ing  w i t h  l e v e l i n g  and p r o t e c t i v e  
c o a t i n g s  . 
A l a b o r a t o r y  d e d i c a t e d  t o  conduc t ing  some o f  
t h i s  research  i s  be ing  s e t  up and equipped 
w i t h  t h e  a p p r o p r i a t e  equipment.  Suppor t  w i t h  
AO, UV, thermal  c y c l i n g ,  s u r f a c e  roughness 
measurements, and r e f l e c t a n c e  measurements i s  
be ing  p r o v i d e d  by t h e  NASA E l e c t r o p h y s i c s  
Branch. 
Some o f  t h e  a c t i v i t i e s  now i n  p rog ress  are :  
o sea rch ing  f o r  methods f o r  bond ing  
m ic roshee t  g l a s s  t o  nonporous su r faces .  
o t e s t i n g  commerci a1 l y  a v a i l  a b l e  m a t e r i a l s  
as l e v e l i n g  c o a t s .  
o t e s t i n g  m a t e r i a l s  f o r  t h e i r  a b i l i t y  t o  
r e s i s t  A0 a t t a c k .  
1 eve1 i zed and s o l  - g e l  ove rcoa ted  samples 
a r e  p r e s e n t l y  b e i n g  t e s t e d  i n  a plasma 
Asher.  
The Sandia s o l - g e l  
Thermal And S t r e s s  Ana lyses  - Coooera t i ve  
Aqreement 
Thermal and s t r e s s  ana lyses  a r e  e s s e n t i a l  
t o o l s  i n  t h e  i d e n t i f i c a t i o n ,  e v a l u a t i o n ,  and 
s e l e c t i o n  o f  v a r i o u s  c a n d i d a t e  r e f l e c t o r  
concepts .  The C leve land  S t a t e  U n i v e r s i t y ,  
s i n c e  December 1986 under a c o o p e r a t i v e  
agreement w i t h  NASA, has been deve lop ing  and 
u s i n g  computer programs t o  de te rm ine  t h e  t i m e  
dependent tempera tu res  and s t r e s s e s  t h a t  would 
be imposed on to  v a r i o u s  r e f l e c t o r  concepts  
w h i l e  o p e r a t i n g  i n  LEO. W i th  these  programs 
i t  has been p o s s i b l e  t o :  
o e v a l u a t e  t h e  e f f e c t s  and impor tance o f  a 
number o f  i m p o r t a n t  r e f l e c t o r  concept  
c o n f i g u r a t i o n s ,  m a t e r i a l  p r o p e r t i e s ,  
s u r f a c e  e m i s s i v i t i e s ,  and o t h e r s .  
o e s t i m a t e  t h e  p r o p e r t i e s  r e q u i r e d  t o  reduce 
t h e  amp l i t ude  o f  t h e  tempera tu re  
f ! u c t u a t i o n ,  ach ieve  l o w  s t r e s s e s  and l o n g  
f a t i g u e  1 i f e .  
To d a t e  CSU h,as ana lyzed r e f l e c t o r s  made 
u s i n g :  
o honeycomb sandwich pane ls  made o f  
d i f f e r e n t  m a t e r i a l s  and w i t h  v a r i o u s  
thermal  c o n t r o l  c o a t i n g s  
(0 .005 inches )  second s u r f a c e  g l a s s  m i r r o r  
bonded t o  one s i d e .  
The f o l l o w i n g  a r e  some o f  t h e  i n t e r e s t i n g  and 
u s e f u l  r e s u l t s  genera ted  by t h e  ana lyses :  
o t h e  average tempera tu re  o f  a r e f l e c t o r  
made w i t h  m ic roshee t  g l a s s  i s  s t r o n g l y  
a f f e c t e d  by whether  t h e  m i r r o r  i s  a f i r s t  
o r  a second s u r f a c e  m i r r o r .  A f i r s t  
s u r f a c e  m i r r o r  ope ra tes  a t  a much 
h i g h e r  tempera tu re  t h a n  does a second 
s u r f a c e  m i r r o r .  
o m u t i l a y e r  compos i te  s u b s t r a t e s  w i t h  a t h i n  
o t h e  s u r f a c e s  o f  honeycomb pane ls  w i l l  
deve lop  d imp les  i f  t h e  c u r e  sh r inkage  o f  
t h e  adhes ives  t h a t  bond t h e  f a c e  shee ts  t o  
t h e  c o r e  i s  h i g h  and i f  t h e  f i l e t s  a t  t h e  
f a c e  sheet /core  i n t e r f a c e s  a r e  1 a rge .  
C l e a r l y ,  t o  a v o i d  d i m p l i n g  o f  t h e  
r e f l e c t i v e  s u r f a c e ,  t h e  adhes ive  c u r e  
sh r inkage  and t h e  adhes ive  f i l e t  must b o t h  
be sma l l  as p o s s i b l e .  
o t h e  r e f l e c t o r  tempera tures  seldom reach  
s teady  va lues  d u r i n g  t h e  o r b i t  c y c l e .  
Fu tu re  ana lyses  w i l l  i n c l u d e  c a l c u l a t i o n s  t o  
de te rm ine  t h e  amount o f  thermal  d i s t o r t i o n  t h e  
r e f l e c t o r  pane ls  w i l l  expe r ience  d u r i n g  a 
t y p i c a l  o r b i t a l  c y c l e .  
Small Bus iness  I n n o v a t i v e  Research C o n t r a c t s  
SBIR c o n t r a c t s  a r e  making v a l u a b l e  
c o n t r i b u t i o n s  t o  t h e  c o n c e n t r a t o r  t echno logy  
development program. Fo r  maximum 
e f f e c t i v e n e s s ,  t h e  SBIR research  a c t i v i t i e s  
a r e  w e l l  i n t e g r a t e d  w i t h  those  o f  t h e  main  
program. 
Two S B I R  PHASE I c o n t r a c t s  were awarded and 
compl e t e d  : 
o U l t r a m e t  I n c . ,  Pacoima. C A .  
o S o l a r  K i n e t i c s  I n c . ,  D a l l a s ,  Texas 
(comple ted  J u l y  1987). 
(comple ted  J u l y  1988). 
Both  companies have been awarded a Phase I 1  
c o n t r a c t ,  each f o r  a 24 month p e r i o d  o f  
performance. 
U l t r a m e t  I n c .  i s  d e v e l o p i n g  a r e f l e c t o r  
concept  w i t h  a s l r b s t r a t e  o f  l i g h t w e i g h t ,  open 
c e l l  foam t h a t  i s  made by vapor  d e p o s i t i n g  
boron c a r b i d e  o n t o  a carbon foam. Boron 
c a r b i d e  was t h e  m a t e r i a l  o f  c h o i c e  because i t  
can be d e p o s i t e d  e a s i l y  on t h e  carbon foam 
u s i n g  chemica l  vapor  d e p o s i t i o n ,  and i t  has 
demonst ra ted  immuni ty  t o  AO. I n  Phase I ,  
U l t r a m e t  s u c c e s s f u l l y  produced smal l  samples 
o f  a l i g h t  w e i g h t  r e f l e c t o r ,  t h e r e b y  
demons t ra t i ng  t h a t  t h i s  concept  has promise .  
A Phase I1  c o n t r a c t  t o  c o n t i n u e  t h e  
development was awarded i n  October ,  1988. 
S o l a r  K i n e t i c s  I n c .  ( S K I )  has comple ted  a 
Phase I c o n t r a c t u a l  e f f o r t  t o  f a b r i c a t e  
l i g h t w e i g h t  a l l - m e t a l  honeycomb sandwich 
r e f l e c t o r  s u b s t r a t e s .  The advantage o f  an 
a l l - m e t a l  s u b s t r a t e  i s  i n  i t s  immuni ty  t o  t h e  
o r b i t a l  env i ronment .  A l l  t e s t  pane ls  were 
made o f  a s i n g l e  m a t e r i a l :  a l l  aluminum and 
a l l  t i t a n i u m .  The samples were n o t  
m i r r o r i z e d .  
ach ieved  was 0 .6  mrad, w i t h  aluminum, 
exceed ing  o u r  program goa l  o f  1.0 mrad a t  a 
we igh t  o f  about  1.5 Kg/m2. The S K I  r e s u l t s  
a r e  v e r y  p romis ing ,  and i n  Phase 11, S K I  w i l l  
des ign ,  b u i l d ,  and t e s t  one me te r  s i z e d  
c o n c e n t r a t o r  pane ls  t o  demonst ra te  t h a t  t h e  
techno logy  can be used t o  make l a r g e  r e f l e c t o r  
pane ls .  
The s u r f a c e  s l o p e  e r r o r  SKI 
5 
CONCLUDING REMARKS 
I n  t h i s  paper,  t h e  au tho rs  have b r i e f l y  
d e s c r i b e d  a program t o  deve lop  some o f  t h e  
c r i t i c a l  t echno logy  needed f o r  f u t u r e  advanced 
space s o l a r  c o n c e n t r a t o r s .  The m a j o r  
t e c h n i c a l  i s s u e s  have been i d e n t i f i e d .  The 
program e lements  and R&T a c t i v i t i e s  r e q u i r e d  
t o  r e s o l v e  those  i ssues  have been f o r m u l a t e d  
and i n i t i a t e d .  
T h i s  program i s  a modest one; i t s  scope i s  
c o n s t r a i n e d  by t h e  a v a i l a b l e  fund ing .  It i s ,  
none the less ,  a s i g n i f i c a n t  one because i t  
r e f l e c t s  a renewed l o n g  te rm i n t e r e s t  i n  
d e v e l o p i n g  an a l t e r n a t e  source  o f  power f o r  
use i n  space. 
The r e s u l t s  t o  d a t e  have s i n g l e d  o u t  some 
i m p o r t a n t  i s s u e s  t h a t  must be r e s o l v e d  i f  SDPS 
are ,  i n  t h e  f u t u r e ,  t o  become an i m p o r t a n t  
a l t e r n a t e  t o  s o l a r  c e l l s .  These i m p o r t a n t  
i s s u e s  a re :  
1. F u t u r e  c o n c e n t r a t o r s  must be l i g h t w e i g h t ,  
packageable i n t o  a sma l l  volume f o r  t h e  
l a u n c h  phase, and a u t o m a t i c a l l y  d e p l o y a b l e  
on o r b i t  w i t h o u t  a s t r o n a u t  ass i s tance .  
The development o f  c o n c e n t r a t o r  concepts  
t h a t  w i l l  meet these  requ i remen ts  demands 
i n n o v a t i v e n e s s  o f  des ign .  
2.  H i g h l y  specu la r ,  e f f i c i e n t  r e f l e c t o r s  t h a t  
can s u r v i v e  t h e  LEO env i ronment  and t h e  
o r b i t a l  day /n igh t  c y c l e s  f o r  more t h a n  10 
y e a r s  a r e  second c r i t i c a l  i s s u e .  The 
s o l u t i o n  t o  t h e  prob lem l i e s  i n  t h e  c h o i c e  
o f  t h e  s u i t a b l e  LEO env i ronmen ta l  
r e s i s t a n t  m a t e r i a l s  and t h e  r e f l e c t o r  
s u b s t r a t e  des ign .  
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